ABSTRACT
DNA supercoiling plays important roles in gene expression regulation, although, the underlying mechanisms whereby DNA supercoiling modulates gene expression remain elusive. The fact that the transcription process itself generates DNA supercoiling has further complicated the issue.
Transcription-driven DNA supercoiling is local and transient.
Such a DNA supercoiling effect is likely to play important roles in controlling complex gene expression regulation. Using the suppression of the leu-500 mutation in Salmonella typhimurium topA mutants as a model system, we put forward our view of the effects of transcription-driven DNA supercoiling on gene expression control.
INTRODUCTION
Studies have shown that DNA supercoiling of the duplex DNA template is perturbed in many helical tracking processes such as the elongation of RNA polymerase complex (1) , the activity of simian virus 40 (SV40) large T tumor antigen (2) , and the tracking E. coli UvrAB complex (3) . The possibility of forming such fluctuating DNA supercoiling was first proposed by Liu and Wang in 1987 when DNA topological constraints were put into a model of the elongation process of RNA polymerase complex during transcription (4) . Since then, the DNA supercoiling concept has gained support from various in vivo and in vitro studies using both prokaryotic and eukaryotic model systems (1, (5) (6) (7) . According to the twin-domain model of transcription (4) , positive supercoiling is generated in front of, and negative supercoiling behind, a moving RNA polymerase complex due to the helical rotation of the DNA template (illustrated in Figure 1 ). The anticipated DNA helix rotation during the tracking process of RNA polymerase has recently been visualized using real-time optical microscopy (8) . While many identified (2, 3) and not-yet-identified (9) helical tracking proteins are capable of generating a similar DNA supercoiling fluctuation in the DNA template, the most significant source of DNA supercoiling fluctuation on the chromosome in a living cell is likely to be the helical tracking of the RNA polymerase complex as transcription activity is so abundant. At a given location on the chromosome, the DNA supercoiling dynamic is expected to be temporally associated with the gene activity in the region. During the transcription process, the local DNA supercoiling will be perturbed and the re-distribution of DNA supercoiling will be dependent on the chromosomal architecture (supercoiling barriers) in the local region.
Hence, the superhelical state of chromosome DNA is highly dynamic rather than static. Such fluctuations in DNA supercoiling are expected to be very significant in an active chromosome where Figure 1 . Transcription-driven DNA supercoiling. During the transcription elongation, positive supercoiling is generated in front of, and negative supercoiling behind, the moving RNA polymerase complex (RNAP). transcription machineries are functioning as "factories" at the fixed transcription foci (10) . According to the twindomain model of transcription (4) , an anchored RNA polymerase complex drives DNA supercoiling at a maximum.
The DNA supercoiling dynamic driven by the transcription activities on the chromosome provides a mechanistic basis to understand the functional relationships between transcription and other DNA supercoilingsensitive cellular processes on the chromosome (reviewed in 11). A DNA supercoiling-sensitive cellular process at a particular chromosome location is presumably affected by the DNA supercoiling fluctuation driven by gene activity in the local region. Transcription-driven DNA supercoiling has been demonstrated as a potential factor in the regulation of recombination (12, 13) and replication (14) . Interestingly, transcription-driven DNA supercoiling is capable of affecting the transcription processes themselves since transcription initiation (the open complex formation) is a DNA supercoiling-sensitive process (15) . Numerous studies have demonstrated the effect of transcription-driven DNA supercoiling on transcription control using various gene expression model systems. Examples are: the expression of Escherichia coli ilvYC operon (16) (17) (18) ; the transcription initiation of N4 virion RNA polymerase promoters (19) (20) (21) (22) (23) ; Xenopus rRNA transcription in vivo (24, 25) ; the regulation of chloroplast gene expression in Chlamydomonas (26) ; and the regulation of human c-myc expression (27, 28 & reviewed in 29) . DNA supercoiling effects are therefore apparently common in various gene systems, and the supercoiling effects are likely to be responsible for aspects of the spatial and temporal precision of gene expression control that are not fully explicable with the classical Monod and Jacob's genetic control concept (30).
To understand the underlying mechanisms responsible for the leu-500 activation phenomenon in Salmonella typhimurium topA mutants, we have unraveled an interesting promoter relay mechanism whereby the expression of genes in the ilvIH-leuO-leuABCD gene cluster is coordinated in a sequential manner. Transcription-driven DNA supercoiling is likely to provide signals at various stages during the gene expression coordination. Several transcription elements in the region were found to be responsive to adjacent transcription activities. Such responsiveness is presumably due to the DNA supercoiling driven by the neighboring transcription activities and could be one of the underlying mechanisms whereby expression of neighboring genes is coordinated. Inclusion of the effects of transcription-driven DNA supercoiling into studies of this gene expression system has thus revealed a new class of transcription regulatory element that is responsive to transcription-driven DNA supercoiling. Further elucidating the molecular details of the new elements may therefore shed light on our understanding of the effects of DNA supercoiling on gene expression control. The leu-500 mutation results in leucine auxotrophy in S. typhimurium (31) . The mutation abolishes the promoter activity of the S. typhimurium leucine operon due to an A to G transition in the -10 sequence of the promoter. Subsequently, second-site mutations, suppressor X, that restore the leucine prototrophy were found (32) . This second mutation site was later identified to be the DNA topoisomerase I gene (topA) (33, 34) . Since then, the suppression of the leu-500 mutation in S. typhimurium topA mutants has been one of the paradigms for demonstrating the importance of negative DNA supercoiling on transcription initiation. The G . C base pair (vs. the wildtype A . T base pair) in the leu-500 promoter is expected to increase the energy barrier for the open complex formation at the mutant promoter. Negative supercoiling on the DNA template is important to overcome such an energy barrier. The absence of TopA is known to cause hyper-negative DNA superhelicity in topA mutants (34) . The higher free energy state of the hyper-negative DNA supercoiling in topA mutants had been the straightforward explanation for why the transcription activity of the impaired ( leu-500) promoter was restored in topA mutants (33, 34) . Based on this explanation, transcription initiation from the leu-500 promoter had been expected to correlate with the degree of the negative superhelicity on the DNA template.
SUPPRESSION OF THE

The deficiency of the straightforward explanation
The straightforward DNA supercoiling explanation was tested in 1984. In the study, suppression of the leu-500 mutation was monitored in a series of S. typhimurium topA mutants with combinations of topA + or topA -and various compensatory gyrA or gyrB mutations (35) . At the same time, the overall DNA superhelicity was measured in the DNA extracted from the topA mutant series. Surprisingly, the suppression of the leu-500 mutation correlated only with the absence of TopA and did not correlate with the increase of the overall DNA negative superhelicity. This result clearly indicated that the activation of the supercoiling-sensitive leu-500 promoter in topA mutants was not simply due to the overall increase in DNA negative superhelicity in the topA -genetic background as previously suggested (34) . However, the absence of TopA (null mutation of topA) is somehow absolutely required for the leu-500 activation. This requirement suggested that local rather than global DNA supercoiling was important for the leu-500 activation (35) .
More strikingly, topA -dependent suppression of the leu-500 mutation occurs only when the leu-500 promoter is located at its original chromosomal location. The leu-500 promoter (position -80 to +87 of the leu operon) was subcloned onto an extrachromosomal DNA and the plasmid was then transformed into the S. typhimurium topA mutant that carries the chromosomal leu-500 mutation. While the chromosomal leu-500 promoter was activated as expected, the plasmid-borne leu-500 promoter failed to be activated in the topA -strains (36). This finding suggested that an unknown regulatory element(s), which was essential for the DNA supercoilingdependent transcriptional activation, was left behind on the chromosome (not present between positions -80 and +87 of the minimal promoter DNA sequence) during the subcloning. However, no upstream regulatory elements were found in a search up to position -857 of the 5' region upstream from the leucine operon (36) . The form and location of the crucial regulatory element(s) responsible for the activation of the supercoiling-dependent leu-500 promoter in the chromosome context remained a mystery.
The new explanation
The above studies have elegantly demonstrated that the underlying mechanism responsible for the phenomenon of suppression of the leu-500 mutation in topA mutants is more complex than the previously suggested straightforward DNA supercoiling explanation (34) . It had been puzzling that the activation of leu-500 promoter correlates only with the absence of TopA (35) . Since the activity of leu-500 promoter is DNA supercoiling-sensitive, whatever factor responsible for the leu-500 activation is most likely to generate negative DNA supercoiling locally.
The demonstration of local supercoiling fluctuation driven by transcription activity (1) has led to a hypothesis that this may be the missing element that provides the crucial negative DNA supercoiling locally for the leu-500 activation. In a review article (37), Lilley and Higgins suggested the possible involvement of an adjacent transcription activity in the activation of the DNA supercoiling-sensitive leu-500 promoter.
This hypothesis was tested in several studies (38) (39) (40) (41) . The plasmid-borne leu-500 promoter (position -80 to +87 of the leuABCD operon) was indeed activated when a transcription activity leading away from the leu-500 promoter minimal sequence was provided. Most importantly, this activation was dependent on the topA -genetic background. The topA -genetic background dependency is consistent with the correlation between the activation of the leu-500 promoter and the absence of TopA (35) . While several parameters such as a divergent pair of transcription units and tetA gene product mediated membrane anchorage were shown to be required for the activation of the plasmid-borne leu-500 promoter in studies from Lilley's group (38, 39) , our result indicated that a simple transcription activity that transcribes away from the leu-500 promoter is sufficient to result in activation of the promoter (40) . Sprito and Bossi later confirmed that membrane anchorage was not required for the leu-500 activation in their study (41) . In our testing, the activation induced by adjacent transcription away from the leu-500 promoter is limited to a short-range. Depending on the strength of the promoter, the adjacent promoter has to be positioned within from 250 bp to 450 bp from the leu-500 promoter (40) . We named this activation as "short-range promoter-promoter interaction" (40, 42) .
According to the twin-domain model of transcription (4), many parameters may affect the accumulation of transcription-driven DNA supercoiling. The two conditions in Dr. Lilley's studies: a divergent pair of transcription units, and the tetA gene product mediated membrane anchorage, are parameters that facilitate DNA supercoiling accumulation. Since the activation of leu-500 promoter is a DNA supercoiling sensitive indicator, the promoter is certainly activated by the accumulated DNA supercoiling more readily. As far as the underlying mechanism for the suppression of the leu-500 mutation in topA mutants is concerned, the relevant fact here is that transcription-driven DNA supercoiling may be the missing element responsible for the activation of the chromosomal leu-500 promoter. In fact, this is the only logical conclusion that can be drawn from studies where the minimal leu-500 promoter DNA sequence position (-80 to +87 of the leuABCD operon) is surrounded with the rather foreign plasmid DNA context.
LONG-RANGE PROMOTER-PROMOTER INTERACTION
Based on the above argument for a possible missing element, we searched for transcription activity that we predicted to be located upstream of the leuABCD operon. Graduated extension of the upstream chromosome DNA region in the plasmid-borne leu-500 promoter revealed that activation occurred when the promoter of the ilvIH operon was also included (42) . The ilvIH operon is located 1.9 kb upstream and its transcription away from the leuABCD operon (see illustration in Figure 2 ). Mutation or deletion of the ilvIH promoter abolished the leu-500 activation. Replacement of the ilvIH promoter with an IPTG-inducible lac promoter resulted in IPTG-dependent leu-500 activation (42) . Hence the evidence is compelling in that it is the promoter activity rather than the specific promoter that is important for the leu-500 activation. The involvement of the upstream promoter activity in the leu-500 activation suggested strongly that transcription-driven DNA supercoiling is important for the long-range (1.9 kb) promoter-promoter interaction.
This was a rather surprising finding since the previous results where leu-500 promoter was surrounded with the plasmid DNA context (40) had indicated that the effect of transcription-driven DNA supercoiling on leu-500 activation was limited to a short-range. In contrast, when part of the intervening 1.9 kb DNA sequence was deleted, the ilvIH promoter-mediated transcription activity was no longer able to activate leu-500 promoter despite the fact that the distance between the two interacting promoters was The presently known elements located upstream of S. typhimurium leuABCD operon (+1 to -1905 position of the operon) are illustrated. The mechanism by which ilvIH promoter-mediated transcription activity activates the intermediated leuO gene in the first place remains unknown (the question mark). The gene silencer and LeuO binding site in the AT4 DNA segment may be important to explain why the leuO gene is normally silent and conditionally activated upon the activation of ilvIH.
shortened by the deletion (42) . This discrepancy suggested strongly that while transcription-driven DNA supercoiling may be the basis for both short-range (40) and long-range (42) promoter-promoter interactions, the underlying mechanisms responsible for the two interactions must be very different.
Indeed, further testing indicated that unlike the topA -genetic background dependency of the short-range promoter-promoter interaction (40) , the long-range promoter-promoter interaction was not absolutely dependent on the topA -genetic background (42) . Both experiments were carried out on plasmids. The major difference between the two testing conditions was that the leu-500 promoter minimal DNA sequence was embedded in the foreign plasmid DNA context in the first case (40) , with the two interacting promoters divided by plasmid DNA. In the latter case, the entire 1.9 kb upstream chromosome DNA fragment was associated with the leu-500 promoter (42) and so chromosomal DNA is present between the two interacting promoters. In the presence of the native chromosomal DNA context, the leu-500 activation was no longer dependent on the topA -genetic background. It was, however, highly dependent on the integrity of the chromosome DNA context. Apparently, the simple activation model (40) based on the transcriptiondriven DNA supercoiling is insufficient to explain the longrange interaction. A more complex mechanism must be involved in the long-range promoter-promoter interaction for relaying the DNA supercoiling effect over the long (1.9 kb) distance.
A promoter relay mechanism is responsible for the long-range promoter-promoter interaction
Since the 1.9 kb intervening DNA sequence is important for the long-range promoter-promoter interaction, we searched for the possible sequence elements in the 1.9 kb region. Based on the available information from literature, three elements were identified: the Lrp (leucine-responsive regulatory protein) binding sites (43) , an open reading frame (ORF) of the putative leuO gene (44) , and a stretch of AT-rich DNA sequence upstream of leuABCD operon (45) (illustrated in Figure 2 ). The Lrp binding sites located immediately upstream of ilvIH operon is presumably the regulatory region for controlling the expression of ilvIH operon. The intermediate leuO gene was hypothetical since no transcription activity responsible for the expression of the gene was found in an earlier attempt (45) . The AT-rich DNA sequence is flanked by the divergently arrayed leuO gene and leuABCD operon and presumably contains the transcription regulatory elements important for the promoter-promoter interaction since deletion of this AT-rich DNA sequence abolished the longrange promoter-promoter interaction (42).
We searched for the possible transcription activity responsible for the middle gene since this putative leuO gene is a candidate of transcription activity that could relay the DNA supercoiling effect over the 1.9 kb distance. In a series of primer extension studies, we found one transcription initiation site upstream of the ORF. This newly identified transcription activity was strikingly dependent on the ilvIH transcription activity (46) . This finding suggested that leuO transcription activity could relay the DNA supercoiling effect initially triggered by the ilvIH promoter-mediated transcription.
A computer program (MacVector by Accelrys Inc.) predicted a promoter DNA sequence located upstream of the detected transcription initiation site. The predicted -10 and -35 DNA sequences separated by an 18-bp spacer fit the consensus promoter sequence for sigma 70 E. coli RNA polymerase (47, 48) . We mutated the promoter by introducing a 2-bp mutation at the -10 DNA sequence of the predicted promoter, and we found that the 2-bp mutation at the promoter abolished the long-range promoter-promoter interaction while the ilvIH promoter activity remained intact (46) . This result confirms that this promoter activity indeed was responsible for relaying the DNA supercoiling effect over the 1.9 kb distance.
More detailed analysis indicated that both the gene product and the promoter activity of the intermediate leuO gene are important for the subsequent activation of leu-500 promoter. It was then clear that the transcription activity of the ilvIH promoter somehow activated the intermediate leuO gene. The leuO gene product, LeuO, plays a trans-acting role and leuO promoter activity plays a cis-acting role for the final activation of the leu-500 promoter. This sequential gene activation process was named as promoter relay mechanism (46) . While many details in the promoter relay wait to be elucidated, the promoter relay mechanism explains the long-range interaction between ilvIH and leu-500 promoters and provides a model whereby neighboring genes are communicating with each other via transcription-driven DNA supercoiling.
A topA -genetic background is not absolutely required for the promoter relay mechanism
The discovery of the promoter relay mechanism derived from the phenomenon of suppression of the leu-500 mutation, which was concluded to be absolutely dependent on the absence of TopA (35) . Surprisingly, therefore, the promoter relay mechanism that is apparently responsible for the long-range interaction between ilvIH and leu-500 promoters is not absolutely dependent on the topA -genetic background (42) . This discrepancy prompted us to clarify the relationship between TopA and the promoter relay mechanism. By monitoring the mRNA of the normally silent leuO gene, we found that the promoter relay mechanism indeed occurred in the presence of TopA (49) . It appears that the transcription activity mediated by the ilvIH promoter plays a decisive role in the promoter relay and that TopA plays a negative regulatory role in the promoter relay since the presence of TopA only resulted in 2-fold reduction of leu-500 activation that is triggered by ilvIH promoter activity (49) .
Suppression of the leu-500 mutation (leucine prototrophy) had been described in the S. typhimurium topA -mutants such as CH582 (35, 36) . Due to the leucine auxotrophic phenotype (the leu-500 mutation and the wildtype topA genetic background) in CH601, the parental strain of CH582, the leucine auxotrophic CH601 strain was not expected to grow in a leucine-free medium if, as previously suggested, a topA -genetic background is absolutely required for the activation of the leu-500 promoter in CH582. If, on the other hand, a topA -genetic background is not absolutely required for the leu-500 activation via the promoter relay mechanism, we predicted that as long as the ilvIH gene was turned on and thus triggered the promoter relay mechanism, S. typhimurium CH601 strain should be able to grow in a leucine-free medium because of the activation of the leu-500 promoter. Indeed, after a prolonged lag phase, CH601 grew in a leucine-free medium (49) . Northern blotting analysis indicated that the transcription activities of both normally silent ilvIH and leuO became detectable prior to the time when CH601 cells resumed their growth after the prolonged (16 hour) lag phase. Western blotting analysis indicated the TopA level remained constant throughout the growth of CH601, including during the 16-hour lag phase (49) . Hence, it was clear that under the stress (the prolonged lag phase), ilvIH transcription was somehow turned on and triggered the promoter relay mechanism that resulted in the leu-500 activation in the topA wild-type CH601 cells. This finding strikingly decoupled the leu-500 activation and the topA -genetic background requirement at a chromosomal DNA level.
It seems that ilvIH transcription activity-triggered promoter relay is a stress response in the bacterium regardless of its topA genetic background. This possibility also gains support from a finding that ilvIH promoter activity is under the positive control of Lrp (43, 50) , which is a global transcription regulator whose cellular level is up-regulated by cellular guanosine 3', 5'-bispyrophosphate (ppGpp) in response to the reduction of growth rate caused by nutrient limitation (51).
A new explanation for the leu-500 activation phenomenon in topA mutants
The results, thus far, have clearly shown that topA -genetic background is not absolutely required for the promoter relay mechanism that is presumably responsible for the leu-500 activation in topA -mutants such as CH582. Thus it is important to understand why leu-500 activation had been tightly associated with the absence of TopA (35, 36) . The link of the promoter relay with the reduction of growth rate in response to nutrient limitation (51) has prompted us to consider the fact that topA -mutants such as CH582 have much slower growth rates than topA wild-type strains. The slow growth rate reflects the growth stress in topA -mutants due to the absence of TopA. Could this be one of the stresses that cause the activation of ilvIH and subsequently trigger the promoter relay mechanism in CH582? Northern blotting analysis demonstrated that the ilvIH operon was indeed constantly active during the entire growth of CH582 (49) . So it is now clear that the correlation of the leu-500 activation phenomenon with the absence of TopA (35, 36 ) is due to the promoter relay mechanism mediated sequential activation of genes in the ilvIH-leuO-leuABCD gene cluster in response to the growth stress associated with the topA mutants. While the molecular details remain to be further elucidated, the promoter relay mechanism has provided answers to explain several previous mysterious observations made during the almost 4-decade long research effort toward understanding the fascinating leu-500 activation phenomenon in S. typhimurium topA mutants.
THE PROMOTER RELAY MECHANISM AS A STRESS RESPONSE IN BACTERIA
It appears that the promoter relay is a gene regulatory process in response to growth stress rather than a specific event limited to a phenomenon in topA mutants. Is it physiologically important in bacteria?
As part of the normal cell physiology, the promoter relay mechanism is a ppGpp-dependent stress response
The ppGpp-Lrp pathway (51) is proposed to be responsible for the activation of ilvIH operon, which then subsequently triggers the promoter relay mechanism under growth stress. In normal bacterial physiology, ppGpp serves as a stress signal in the bacterial stringent response pathway. The signal, ppGpp, was also shown to be important for the bacterial cell survival in the stationary phase (reviewed in 52). To elucidate the potential ppGpp link of the promoter relay, we have identified two conditions when normally silent leuO expression is induced via the promoter relay mechanism. The transcription regulatory machinery appears to turn on when bacterial cells are entering stationary phase. The transient induction of leuO expression at the late-log/stationary phase is not dependent on the stationary phase-specific rpoS (sigma-s factor). Instead, this transient leuO expression is very sensitive to the biosynthesis of ppGpp, the upstream signal of rpoS expression (53).
The second conditional leuO induction was found when bacterial cells are under extreme starvation for branched-chain amino acids during exponential growth in a chemically defined medium. In response to such severe branched-chain amino acid depletion, a leuO -phenotype (cells failed to resume their growth after the 2 hr growth arrest during log phase) was found during the growth of leuO knocked-out E. coli relA1 strain (54) . The expression of leuO was transiently induced via the promoter relay mechanism during the 2 hr growth arrest. This conditional leuO expression appears to be part of the bacterial stringent response triggered by ppGpp.
The promoter relay mechanism is controlled decisively by the transcription activity of ilvIH (46) . The expression of ilvIH is presumably activated via the ppGpp-Lrp pathway (51) . The slow onset of ppGpp in the "relaxed" relA1 strains is expected to make the ilvIH remain "repressed" in the E. coli relA1 strain. There is conclusive evidence that the "relaxed" relA1 strain was at a physiological impasse (the 2-hr growth arrest) from which escape was possible by the derepression of the repressed genes (the ilv operons and hence leuO via the promoter relay mechanism) (54).
The two conditional leuO expression conditions strongly suggested that the promoter relay is part of the stringent response triggered by nutrient limitation during bacterial growth. We also provided evidence that LeuO is important for bacterial cells to make a proper decision on their continuous cell division under the nutrient limitationmediated growth arrest (54) . It seems that leuO is one of those genes that are not important under normal laboratory growth condition (usually rich medium is used), but is crucial for bacteria to survive in nature where environmental stresses including nutrient-limitation are widespread.
The physiological implication of the promoter relay mechanism
The physiological importance of the promoter relay in the ilvIH-leuO-leuABCD gene region is compelling. The promoter relay mechanism was unraveled when monitoring the on-off activity of the mutant leu-500 promoter of the leuABCD operon (42, 46) . We had demonstrated that the wild-type leuABCD promoter is only affected by the promoter relay mechanism approximately three-fold (46) . Based on our finding of the specific physiological function of the promoter relay mechanism in response to the starvation for branched-chain amino acids (54) , it is, however, reasonable that such a three-fold increase may be critical for cell survival under the severe branched-chain amino acid starvation. The ilvIH operon encodes AHASIII (acetohydroxy acid synthase III) required for the synthesis of precursors for the downstream biosynthesis of branched-chain amino acids including the biosynthesis of leucine catalyzed by the gene products of leuABCD operon. Hence, under a severe branched-chain amino acid starving condition, the communication between the ilvIH operon and the leuABCD operon via the promoter relay mechanism may be one of the important physiological functions of the promoter relay mechanism. Such gene communication may be crucial for the efficient production of the life-saving leucine in cells under starvation for branched-chain amino acids (54) .
The second physiological importance of the promoter relay mechanism is related to the fact that leuO gene is located between the two communicating operons in response to starvation of branched-chain amino acid. As part of the promoter relay mechanism, the expression of leuO is fully repressed when cells are not under stress (e.g. nutrient limitation). In a rich broth, the expression of leuO is almost not detectable at both the mRNA and protein levels (53, 54). Such tight control explains the failure of an earlier attempt of finding the transcription activity responsible for the, then, putative leuO gene (45) . The tight associations of ilvIH expression with the ppGpp-Lrp pathway (51) and our findings regarding the stringent response to the starvation for branched-chain amino acid (54) have strongly suggested a nutrient limitation stress sensor role of the ilvIH expression. Via the promoter relay mechanism, the leuO expression is induced by the transcription activity of ilvIH operon in response to environmental stresses.
The position of leuO between the two genes that are responsive to growth stress may not be a coincidence. During the 2 hr growth arrest caused by the starvation of branched-chain amino acid, LeuO was shown to play indispensable role(s) to determine the subsequent cell division (cell growth resumption). Cell division is a complex cell event. Hence, besides the obvious function for LeuO at the ilvIH-leuO-leuABCD gene cluster site to increase the expression of the leuABCD operon for threefold as the final activation step in the promoter relay mechanism, LeuO may act in trans to impact cell physiology by affecting the expression of other genes as well. We have demonstrated, using two-dimensional protein gel electrophoresis, that the expression of at least 27 genes in E. coli are affected by LeuO either positively or negatively upon its induction during the starvation for branched-chain amino acid (Wu, unpublished data) . Whether all or some of these 27 genes are directly affected by LeuO remains to be investigated. Such a prominent transcription regulatory effect of LeuO may be responsible for its striking effect on cell division (54).
THE TRANSCRIPTION REGULATORY FUNCTION OF LEUO
The importance of a global transcription regulatory effect of LeuO has been supported by a number of studies using various E. coli gene systems. LeuO is involved in controlling the expression of the regulatory DsrA-RNA (55, 56) . LeuO affects the expression of the acid-inducible lysine decarboxylase gene (57) . LeuO also exerts both positive and negative effects on the silencing of the expression of the bgl operon (58) . Potential LeuO regulons are located at various positions throughout the bacterial chromosome including the leuABCD operon. LeuO thus appears to be a transcription regulator that transactingly affects the expression of many genes. To understand the transcription regulatory function of LeuO, we have investigated the LeuO function in the ilvIH-leuOleuABCD gene cluster. In the investigation, we have revealed two regulatory elements, a 47-bp gene silencer sequence and LeuO, that are important for the gene expression coordination in the gene cluster. Both elements are located upstream of the leuO gene and are presumably important for controlling the repression of leuO gene and its transient activation as part of the promoter relay mechanism. Since transcription-driven DNA supercoiling has been the basis for explaining the sequential gene activation in the promoter relay mechanism, we were not surprised to find that the transcription regulatory function of the gene silencer is highly dependent on the activity of the adjacent transcription units (59) . Such a functional responsiveness to the adjacent transcription activities may be the key feature for these transcription regulatory elements to coordinate expression between genes.
6.1.
Bacterial gene silencer AT4 mediated transcriptional repression
To elucidate the molecular details whereby the expression of genes in the ilvIH-leuO-leuABCD gene cluster are coordinated via the promoter relay mechanism, we investigated why LeuO coupled with the transcription activity of leuO promoter (p leuO) is required for the final step of gene activation (the leu-500 activation) in the promoter relay mechanism (46) . The 318-bp intervening DNA sequence between the divergently arrayed leuO and leuABCD (see illustration in Figure 2 ) is AT rich (69 % A+T). The function of this AT-rich DNA sequence was unknown.
Deletion of this AT-rich DNA sequence severely impaired the long-range interaction between ilvIH and leu-500 promoters (42) . This finding suggested that the AT-rich DNA is functionally important for the promoter relay mechanism. Initial tests indicated that this AT-rich DNA is transcriptionally repressive. The transcription repression activity has been narrowed down to a 72-bp AT-rich (78% A+T) DNA named AT4, which is located at the leuO end of the 318-bp AT-rich intervening DNA (illustrated in Figure 2 ). AT4 DNA-mediated transcriptional repression is promoter nonspecific, orientation independent, and additive. Based on the striking general transcription repression activity, we suggested that the 72-bp AT4 DNA functions as a bacterial gene silencer (59) . The gene silencing effect can reach up to a distance of 300 base pairs from the target promoter. Interestingly, the gene silencing activity is very sensitive to the condition of the flanking transcription units. The gene silencer functions optimally when it is flanked by a pair of divergent transcription units that both transcribe away from the gene silencer. This positional effect is consistent with the natural location of the gene silencer, which is situated between the divergently arrayed leuO and leuABCD (see illustration in Figure 2 ). We explained this striking positional effect of gene silencer in terms of DNA supercoiling driven by the flanking transcription activities (59).
LeuO functions as a derepression element, which negates the gene silencer-mediated transcriptional repression.
LeuO appears to target directly on the AT4 DNA and to negate AT4-mediated transcriptional repression (59) . In detailed analyses designed to reveal the functional relationship between the silencer and LeuO, we successfully divided the 72-bp AT4 DNA into two functional elements, the gene silencer AT8 and the LeuO binding site AT7. The 47-bp gene silencer AT8 retained the full gene silencing activity of AT4. The 25-bp AT7 LeuO binding site contains no gene silencing activity. LeuO binding within the proximity negates the gene silencer AT8-mediated transcriptional repression (Chen & Wu unpublished data). To understand the underlying mechanism responsible for the striking transcriptional derepression, the 40 kDa LeuO protein has been analyzed biochemically. LeuO associates with some yet to be identified proteins to form a complex that apparently causes a DNA structural transition at the sequence adjacent to the LeuO binding site. Such LeuO-mediated DNA structural transition appears to be very sensitive to the adjacent transcription activities as well (Wu, unpublished data) .
While the molecular details remained to be elucidated in the promoter relay mechanism, a key feature is apparently responsible for the expression coordination of genes in the ilvIH-leuO-leuABCD gene cluster. The critical event is the obvious involvement of transcription activity at the various stages during the sequential gene activation. The responsiveness of transcription elements, gene silencer and LeuO, to adjacent transcription activities may provide the answers to the question of how communication occurs to provide coordination of transcription through sending transcription-driven DNA supercoiling.
CONCLUDING REMARKS
Transcription-driven DNA supercoiling has been the basis of our explanation for the series of interesting findings in this model system. Indeed, many previously difficult to understand observations are clarified by including the transcription-driven DNA supercoiling in the current model. Further, transcription factors with novel, interesting features were found based on their involvement in transcription-driven DNA supercoiling. However, it has proven difficult to demonstrate directly the presence of transcription-driven DNA supercoiling in this regulation. So far, the involvement of transcription-driven DNA supercoiling in such regulation has been based on the presence of an active promoter. Due to the transient nature of transcription-driven DNA supercoiling, a better methodology has to be developed to directly monitor its presence.
Nonetheless, the effect of transcription-driven DNA supercoiling on gene expression control is compelling. Results from Dr. Levens' group and Dr. Rothman-Denes' group have elegantly demonstrated the involvement of various DNA structural elements in the gene expression control of c-myc (reviewed in 29) and in the transcription regulation at the N4 virion promoters (reviewed in 20). It appears that unusual DNA structures are capable of regulating transcription including gene expression on chromatin (reviewed in 60). The important lesson we learned from the leu-500 activation model system was that it is the local, transient DNA supercoiling (e.g. transcription-driven DNA supercoiling) rather than the overall accumulated DNA supercoiling (e.g. the measurable average DNA supercoiling on a reporter plasmid) that is important for regulating gene expression. The transcription elements that undergo DNA structural transitions (reviewed in 20, 29, & 60) may share the same underlying mechanism whereby the transcription elements (gene silencer AT8 and LeuO) are responsive to transcription-driven DNA supercoiling as a local and transient cellular event.
PERSPECTIVE
Both gene silencer AT8 and LeuO binding site AT7 are located in the 318-bp AT-rich intervening DNA sequence between the divergently arrayed leuO and leuABCD in S. typhimurium (see illustration in Figure 2 ). The AT-rich DNA sequence was one of the important factors that drew our attention to the ilvIH-leuO-leuABCD gene locus in the first place. The ilvIH-leuO-leuABCD gene cluster in the two closely related enteric bacteria, S. typhimurium and E. coli, are similarly positioned. While the DNA sequences of the coding regions of the involved genes showed high homology between the two microorganisms, the DNA sequence homology is low in the AT-rich DNA flanking by the leuO and leuABCD genes. The only homology of the intervening DNA segments between the two closely related bacteria is the AT-richness (45) . It is clear that this AT-rich intervening DNA sequence is the transcription regulatory region for the promoter relay mechanism since the two important transcription regulatory elements are located in this region. Despite the lack of DNA sequence homology, the regulatory elements on the S. typhimurium DNA can be recognized by E. coli protein factors for the promoter relay mechanism. This is suggested by the observation that the plasmid born S. typhimurium promoter relay DNA sequence (NCBI accession numbers AF106956) functions normally in various E. coli hosts and vice versa (Wu, unpublished data) . This result strongly suggested that it is DNA structure rather than the specific DNA sequence that is important for the regulation in the promoter relay mechanism. Indeed, our recent studies toward identifying the similar transcription elements in the E. coli promoter relay region (NCBI accession numbers AF106955) have indicated that the narrowed down gene silencer and LeuO binding site are also present in E. coli but have no DNA sequence homology with their counter parts found in S. typhimurium (59) .
Strikingly, the E. coli and S. typhimurium elements are functionally interchangeable (Wu, unpublished data) . Hence, it is evidenced that DNA structural elements in the region are responsible for the regulation in the promoter relay mechanism. This is consistent with the fact that the functions of these transcription regulatory elements are responsive to local transcription-driven DNA supercoiling.
With the transcription-driven DNA supercoiling emphasized, a transcription regulatory mechanism involving DNA structural transition is emerging from the elucidation of the sequential activation of genes in the ilvIH-leuO-leuABCD gene locus. Many interesting mechanistic details will be unraveled in future elucidations of the conserved functions of the AT-rich DNA elements that are functionally similar but lacking DNA sequence homology in E. coli and S. typhimurium.
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